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ABSTRACT
We present new spectroscopic and photometric measurements of the white dwarfs LHS 3250
and WD 0346+246. Along with F351−50, these white dwarfs are the coolest ones known, all
with effective temperatures below 4000 K. Their membership in the Galactic halo population
is discussed, and detailed comparisons of all three objects with new atmosphere models are
presented. The new models consider the effects of mixed H/He atmospheres and indicate that WD
0346+246 and F351−50 have predominantly helium atmospheres with only traces of hydrogen.
LHS 3250 may be a double degenerate whose average radiative temperature is between 2000 and
4000 K, but the new models fail to explain this object.
Subject headings: stars: individual (LHS 3250, WD 0346+246, F351−50) — stars: white dwarfs
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1. Introduction
The recent discovery of three white dwarfs with
temperatures below 4000 K (Hambly et al. 1997,
1999; Harris et al. 1999; Hodgkin et al. 2000;
Ibata et al. 2000) shows that extremely cool white
dwarfs have blue colors in the infrared and may
peak in flux density at wavelengths as short as
0.6 µm. The spectral energy distributions (SEDs)
of these cool white dwarfs deviate from the black
body spectrum by up to four magnitudes in the
infrared because of the presence of deep absorp-
tion due to collisionally induced dipole moments
in H2 molecules (commonly referred to as H2 col-
lision induced absorption or H2 CIA; Borysow
& Frommhold (1990)). Theoretical predictions
of this phenomenon by Bergeron et al. (1994),
Saumon & Jacobson (1999), and Hansen (1999)
have now been unambiguously confirmed in LHS
1126 (Bergeron et al. 1995a), LHS 3250 (Harris
et al. 1999) and WD 0346+246 (Hodgkin et al.
2000), which has been spectroscopically observed
in the infrared. The SED demonstrates that the
widespread assumption that optical and infrared
colors monotonically redden with decreasing effec-
tive temperature is wrong.
We present here a compilation of new and pre-
viously published observations of three “ultra-
cool” white dwarfs, WD 0346+246, LHS 3250,
and F351−50. Our new observations of WD
0346+246 and LHS 3250 include spectra and pho-
tometry from U through K band, the wavelength
region in which these stars are brightest. All of
these objects were discovered because of their high
proper motions and all clearly exhibit extreme flux
deficits in the near-infrared. Furthermore, the
measured parallaxes and proper motions enable
a discussion of their membership in the Galaxy’s
halo population.
To complement the observational work, we
present synthetic spectra of such white dwarfs.
We expand the models of Saumon & Jacobson
(1999) by considering atmospheres of mixed hy-
drogen and helium composition. We use these
new models to fit our new data along with pre-
vious parallax measurements of WD 0346+246
(Hambly et al. 1999) and LHS 3250 (Harris et
al. 1999). Such fits should ideally provide com-
plete physical solutions for these white dwarfs.
However, only the spectra of WD 0346+246 and
F351−50 (published in Ibata et al. (2000) without
a parallax measurement) can be explained by the
new models. LHS 3250 remains an enigma, but
we discuss the general properties in depth. For
WD 0346+246, because the parallax is known, we
derive the luminosity (L), effective temperature
(Teff), mass (M), and radius (R).
2. Observations
Our new observations of LHS 3250 and WD
0346+246 spanned more than a year and involved
multiple instruments and telescopes. For WD
0346+246, we have re-reduced our infrared spec-
trum (first presented in Hodgkin et al. (2000)),
obtained a new optical spectrum and measured U
and B band photometry. For LHS 3250, we have
obtained spectra spanning 0.8 to 2.5 µm. The pho-
tometric measurements are shown in Table 1. Fig-
ure 1 presents the photometry and spectroscopy of
WD 0346+246, and Figure 2 plots the new spec-
troscopy of LHS 3250 along with the Harris et al.
(1999) spectrum and photometry. In our subse-
quent analysis sections we additionally consider
the spectrum of F351−50 from Ibata et al. (2000).
Fig. 1.— Spectra and photometry of WD 0346+246. The
open boxes indicate the infrared photometry. Their width
corresponds to the wavelength range of the filter and the
height corresponds to the uncertainty in flux density. The
small closed squares mark the optical photometric mea-
surements. Those points without error bars have errors
smaller than the size of the squares. The spectral data
have been smoothed over 3 pixels (approximately 1 reso-
lution element). Three black body spectra (at 3800, 4000
and 4200 K) are also plotted to show the fitting used in §5
to the wavelength region below 0.5 µm. They also clearly
illustrate the strong infrared suppression.
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Table 1
Photometry of WD 0346+246
Band λeff Mag. fλ Lum.
(µm) (W m−2 µm−1) (L⊙)
U 0.3686 20.8 ±0.1 1.81×10−16 5.0×10−7
B 0.4310 20.5 ±0.1 4.14×10−16 1.6×10−6
V 0.5405 19.06 ±0.01 8.51×10−16 2.5×10−6
R 0.6314 18.30 ±0.08 1.02×10−15 3.0×10−6
I 0.7927 17.54 ±0.02 1.08×10−15 4.4×10−6
J 1.2117 17.60 ±0.05 2.79×10−16 1.7×10−6
H 1.6226 18.2 ±0.1 5.93×10−17 4.5×10−7
K 2.1750 19.0 ±0.1 9.97×10−18 1.0×10−7
Note.—According to the synthetic spectra (§6), the total luminosity
of this object is about 15% higher than the sum of the numbers in the last
column.
2.1. WD 0346+246
Hambly et al. (1997) presented an optical spec-
trum of WD 0346+246 which fell short of reaching
1.0 µm. With the infrared spectrum in Hodgkin
et al. (2000), a gap in the data set persisted be-
tween 0.8 and 1.0 µm. The Hodgkin et al. (2000)
infrared spectrum seemed to indicate the pres-
ence of a sharp peak in the spectrum somewhere
in this gap. The Hambly et al. (1997) spectrum
was about 0.1 mag discrepant with their optical
photometry as well. With this in mind, we revis-
ited the reduction of the infrared spectrum and
obtained a new optical spectrum with careful flux
calibration independent of any imaging photomet-
ric observations.
The new reduction of the infrared spectral data
previously published in Hodgkin et al. (2000)
(taken February 1999 at the Keck I 10-m telescope
with the Near Infrared Camera, NIRC; Matthews
& Soifer (1994)) revealed an error in the spec-
trophotometric calibration which caused a peak
near 1.0 µm. The error only affected the spec-
trum in the ZCIT band and minimally in the J
band. The error was due to an incomplete re-
moval of the spectral shape of the standard star.
This is a broad effect and introduced no spuri-
ous, fine features. Upon correction, the optical
and near-infrared spectra agree. Furthermore,
the infrared spectrum agrees perfectly with the
new, more carefully calibrated, optical spectrum
described below.
The new optical spectrum ofWD 0346+246 was
taken with the Low-Resolution Imaging Spectrom-
eter (LRIS; (Oke et al. 1995)) on the Keck II 10-m
telescope on 15 December 1999 UT under clear
conditions and 0.7′′ seeing. The spectrum was
obtained with a low-dispersion grating and two
different blocking filters to acquire the full wave-
length range from 0.39 to 1.0 µm. The 150 l mm−1
grating blazed at 0.75 µm in conjunction with the
1.0′′ slit provided an average dispersion of ∼ 4.8
A˚ pixel−1. LRIS has a single Tektronix 2048 ×
2048 pixel CCD, which was binned in the spatial
direction by a factor of 2 yielding 0.43′′ pixel−1.
A first set of exposures was obtained with the
order blocking filter GG495, which is transmis-
sive only at wavelengths greater than ∼ 0.48 µm.
This order-blocking filter is necessary to prevent
the second-order blue part of the spectrum from
overlapping the first-order red spectrum. With-
out the blocking filter, only wavelengths shorter
than about 0.74 µm are uncontaminated. With
the blocking filter, wavelengths from 0.48 to 0.96
µm can be observed without appreciable contam-
ination. Two exposures of 295 s each were taken.
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Immediately afterward, without repositioning the
telescope, we took three internal (quartz lamp)
flatfield exposures and one exposure with the Xe-
Ar lamps to provide the wavelength calibration.
The standard spectrophotometric calibrator HD
84937 (V = 8.3 mag, F5V, Oke & Gunn (1983))
was observed with the same settings to provide the
spectral response of the spectrograph at an air-
mass of 1.12, within 10% of the airmass for WD
0346+246. The position angle for the slit was cho-
sen to be the parallactic angle to minimize the ef-
fects of atmospheric dispersion (Filippenko 1982).
The second set of data was taken with the same
grating and slit settings, but without the block-
ing filter. Again two 295 s exposures were ob-
tained along with corresponding internal flatfields
and arc lamp exposures. The same standard star
was also observed in this manner.
Fig. 2.— Spectra and photometry of LHS 3250. The
notation and symbols are identical to those used in Figure
1. The optical photometry and the optical spectrum come
from Harris et al. (1999).
In order to be certain that the spectrum near
1.0 µm was correct and uncontaminated, we ob-
tained service observations with the same instru-
ment settings on 24 December 1999 UT but with
the RG850 blocking filter installed. This trans-
mits wavelengths redward of ∼ 0.83 µm, with the
second-order contamination setting in at 2×0.83 =
1.66µm. The weather was clear and the seeing
was again ∼ 0.7′′. One 600 s exposure was taken,
along with internal flatfields and arc lamp expo-
sures. Because of the low sensitivity of the CCD
in the near-infrared, these data are very noisy.
Using IRAF, we conducted standard CCD pro-
cessing and optimal spectral extraction, while flux
calibration and telluric absorption band removal
were done with our own routines in IDL. Final
adjustments to the wavelength scale were obtained
using the background sky regions.
The adopted reduction technique produces a
spectrum which is flux calibrated independent of
the photometric measurements. In this sense the
spectrum differs from the infrared spectrum de-
scribed above. The infrared spectrum is flux cal-
ibrated using the infrared photometry and the
shape of a calibrator G star, which is not a spec-
trophotometric calibrator. In that case the G star
is used only to provide the correct spectral shape,
while the absolute calibration is provided by the
infrared photometry. The spectrum presented in
Figure 1 has a signal-to-noise ratio (S/N) over sev-
eral hundred through the middle of the optical re-
gion. The infrared S/N falls from 2000 near 1 µm
to approximately 6 in the K band.
The data taken on 15 December exhibits
second-order contamination beyond 0.98 µm, as
shown by the uncontaminated data taken on 24
December. However, the infrared spectrum from
NIRC has a much higher S/N, and the 24 Decem-
ber LRIS spectrum agrees perfectly with it, so we
simply cut the optical spectrum at 0.97 µm. Thus,
in Figure 1, the data redward of 0.97 µm are from
NIRC.
The optical photometry of WD 0346+246 pre-
sented in Hodgkin et al. (2000) and Hambly et
al. (1997) was derived from CCD images made
at the Jacobus Kapteyn Telescope. The B-band
measurement only provided an upper limit and
there was no U -band measurement. We have sub-
sequently obtained U and B band CCD images
of WD 0346+246 with the Palomar 1.5-m Oscar
Meyer telescope and a Tektronix 2048×2048 pixel
thinned, AR-coated CCD along with Johnson U
and B filters. The pixel scale was 0.37′′ pixel−1,
and the seeing on 10 and 11 August 1999 UT was
1.0′′ under photometric conditions.
On 10 August we obtained five 600 s exposures
of the WD 0346+246 field. Each exposure was
shifted by 10′′ in one of the cardinal directions
from the previous exposure to minimize the effects
of bad pixels. The Landolt (1992) standard field
SA 112 was also observed with two 7 s exposures
such that stars 250, 223, and 275 were in the field
of view.
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On 11 August 1999, we observedWD 0346+246
again but with the U filter. Four 1200 s exposures
were made with dithering procedures similar to
those described above. For U -band photometric
standards we observed the Landolt (1992) field SA
110 and obtained images of stars 496, 497, 499,
502, 503, 504, 506, and 507 in two 60 s exposures.
Data were reduced by subtracting a median of
five dark frames obtained on each night and di-
viding by flatfield exposures made by exposing the
CCD to the illuminated dome. To obtain accurate
photometric measurements of the white dwarf, we
averaged the measurements of all the standard
stars visible in each of the two calibration fields
separately.
2.2. LHS 3250
Harris et al. (1999) presented the optical spec-
trum of LHS 3250 in the range 0.4 to 0.7 µm, as
well as optical and infrared photometry (repro-
duced in Figures 2 and 3). To explore the SED
in more detail beyond 0.7 µm, we obtained optical
and infrared spectroscopy.
We measured the 0.75 to 0.98 µm spectrum
of LHS 3250 through service observations at the
William Herschel Telescope in the Canary Islands.
The low resolution spectrum was obtained using
the ISIS spectrograph with the R158R grating giv-
ing a wavelength scale of 2.9 A˚ pixel−1 over 2970
A˚ on the TEK2 1024 × 1024 pixel detector. The
weather was good during the observations, and the
seeing was measured to be 1′′. A 1′′ slit was em-
ployed. Two exposures, one of 1800 s and one
of 1500 s, were taken on the target. These were
bracketed by exposures of the spectrophotomet-
ric standard Ross 640. Calibration exposures of
a tungsten flat (for flatfielding) and Cu-Ar and
Cu-Ne arc lamps (for wavelength calibration) were
also made. CCD data reduction, optimal spectral
extraction, and flux calibration were performed us-
ing IRAF tasks.
We also observed LHS 3250 on 21 July 1999
UT using the Keck I 10-m telescope and NIRC
(Matthews & Soifer 1994). We obtained ZCIT, J ,
H , and K-band spectra spanning 1.0 to 2.5 µm.
The spectra were obtained at airmass ∼ 1.4
during a photometric night with 0.3′′ seeing in K
band. We used two different settings. The first
measured the ZCIT, J , and H bands simultane-
ously using the 150 l mm−1 grism and the JH
blocking filter. The slit was 0.3′′ wide. We ob-
tained four exposures of 250 s with the white dwarf
placed at two different positions in the slit.
The H and K band spectra were obtained si-
multaneously with the second setting. We used
the same slit, the HK blocking filter and the 120 l
mm−1 grism. We obtained five exposures of 200 s
each, again placing the white dwarf in one of two
slit positions for each exposure.
The F8V star SAO 17455 (V = 9.58 mag) was
observed with the same settings immediately after
LHS 3250 to serve as a standard at an airmass of
1.4, matched to the LHS 3250 observations within
1%. For the first setting we obtained two 4.1 s
exposures and for the second setting three 4.1 s
exposures.
Data reduction followed our standard proce-
dure. We first subtracted pairs of images from
each other to remove the sky background. Using
the optimal extraction technique we then reduced
the spectra to one dimension. These steps were
carried out on both the object and standard star
spectra. After calibrating the wavelength scale,
using the well-defined edges of the filter transmis-
sion curves (a technique good to an accuracy of
0.006 µm over the band), we summed the LHS
3250 spectra and divided by the standard star
spectra. This removes the pixel-to-pixel variations
and accounts for the instrumental sensitivity as a
function of wavelength. A model F star spectrum
was then divided into the resultant spectra.
3. Summary of Observations of Ultracool
White Dwarfs
Figures 1 and 2, and Table 1, summarize the
observations from §2. To provide a means of com-
parison, Figure 3 shows the spectra of LHS 3250,
WD 0346+246, and F351−50 (from Ibata et al.
(2000)). All of the white dwarf spectra are smooth
and exhibit no fine features. The most important
aspect of this figure is the fact that the three white
dwarf spectra deviate from the black body spec-
trum redward of 0.6 µm. For reference a 4000
K black body spectrum is plotted at the top of
the figure. The spectra are arranged in order of
what we believe to be decreasing effective temper-
ature, from top to bottom. (See §5 for a com-
plete discussion of this.) Figure 3 also shows that
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the peak wavelength appears to move toward red-
der wavelengths, as the temperature drops, un-
til WD 0346+246. Proceeding to cooler temper-
atures then moves the peak to bluer wavelengths.
F351−50 appears on this plot because it is intrin-
sically faint (Ibata et al. 2000) and it exhibits a
sudden change in spectral slope at 0.8 µm. Ac-
cording to models (Saumon & Jacobson (1999);
see §6), this may be the blue edge of the second
vibrational band of the H2 CIA. Other than this
feature, the spectrum of F351−50 is almost iden-
tical to that of WD0346+246. The BV R colors
are the same for these two objects. Without in-
frared photometry or a parallax it is difficult to
make more concrete statements.
Fig. 3.— Comparison of spectra of cool halo white dwarfs;
see §3 for a discussion. The optical spectrum of LHS 3250
is from Harris et al. (1999) and the F351−50 spectrum is
from Ibata et al. (2000).
4. Are These White Dwarfs Members of
the Halo?
The tangential space motion of WD 0346+246
is extremely high at 170 km s−1 and in a direc-
tion such that its Galactic orbit cannot be circular
and must be strongly inclined to the Galactic disk.
The conclusion in Hodgkin et al. (2000) was that
this object is clearly a member of the Galaxy’s
halo, regardless of what its unmeasureable radial
velocity is.
Ibata et al. (2000) established that F351−50
must have a space velocity greater than 170 km
s−1 and is therefore a member of the Galactic halo.
For LHS 3250 the case is not nearly as clear.
Harris et al. (1999) demonstrated that the tangen-
tial velocity of LHS 3250 is 81.2 ± 1.2 km s−1. Un-
fortunately, LHS 3250 is essentially at 90◦ Galactic
longitude and near the plane of the Galaxy. This,
combined with the lack of any features in the spec-
trum that would permit measurement of the radial
velocity, makes it impossible to determine whether
it has a disk or halo orbit. However, there are sev-
eral important features to note about the motion
of LHS 3250 through the Galaxy. By subtracting
the heliocentric motion from the velocities, it ap-
pears that LHS 3250 is moving toward the south
Galactic pole at 73 km s−1 and toward the Galac-
tic anticenter at 52 km s−1. Thus the only defini-
tive statement is that its orbit about the Galactic
center cannot be circular. This makes LHS 3250
a probable member of the halo.
5. Physical Characteristics
In Hodgkin et al. (2000) we derived the radius,
mass, luminosity and effective temperature of WD
0346+246. This derivation used a technique that
exploits the brightness temperature of these ob-
jects as a function of wavelength. We have con-
ducted an extensive series of tests of the technique
and have found that it is not reliable. Here we de-
scribe the technique more explicitly than before,
and we also explain why it is not viable.
In Hodgkin et al. (2000) the derivation of ra-
dius, mass, and effective temperature relied upon
the distance, d, and the assumption that the bluest
part of the optical spectrum behaves as a black
body. By fitting this region with a known black
body spectrum we believed that we could obtain
the physical parameters. For pure H white dwarfs,
the only known opacity in this wavelength region
is due to H−, which has a weak wavelength de-
pendence in the optical regime. In pure He white
dwarfs, the dominant opacity source in the opti-
cal is He−, which is also very flat. The flatness of
the opacity seemed to validate the technique. To
support this argument, we examined plots of the
brightness temperature vs. λ of synthetic spectra
for pure hydrogen white dwarfs (Saumon & Ja-
cobson 1999). Shown in Figure 4, these plots have
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nearly constant brightness temperature in the visi-
ble part of the spectrum. For example, the bright-
ness temperature of a Teff = 3500K, log g = 8
model, where g is the surface gravity in cgs units,
varies by less than 200K from 0.4 to 0.9µm. For
white dwarfs with Teff ∼> 4500K, the SED is quite
close to that of a black body.
Fig. 4.— Brightness temperature as a function of wave-
length from pure hydrogen synthetic spectra (Saumon &
Jacobson 1999). All models have log g = 8 and the effec-
tive temperature ranges from 4500K to 2500K in steps of
500K, from top to bottom. In the cooler models, the strong
drop of Tbright in the infrared is due to H2 CIA absorption.
Correspondingly, Tbright is significantly larger than Teff at
shorter wavelengths in these models. Note the virtual con-
stancy of the brightness temperature at blue wavelengths.
To extract the radius of the star, then, involves
fitting a black body curve, B(T ), to the optical
region where the brightness temperature is nearly
constant (below λ = 0.5µm). The fit involves two
parameters, the temperature of the black body fit
and the ratio (R/d)2. The temperature obtained
from the fit is the brightness temperature in this
region of the spectrum, not Teff . Furthermore, the
brightness temperature determines the shape of
the black body curve, while the actual flux level
is determined by (R/d)2. Figures 1 and 2 show
attempts to do this fitting on WD 0346+246 and
LHS 3250.
Using this fitted temperature, Tfit, in each case,
we derive the ratio R/d from the following equa-
tion: (R/d)2piBU,B(Tfit) = FU,B, where FU,B is
the flux in the fitted region from U to 0.5 µm,
and BU,B(Tfit) is the black body flux in the same
wavelength region. For LHS 3250, this yields the
result R = 0.014R⊙±0.002, using the Harris et al.
(1999) value of d = 30.3± 0.5 pc. With the mass-
radius relation from Chabrier et al. (2000) we find
the mass to be 0.54 M⊙. For WD 0346+246, we
derive R = 0.013R⊙ ± 0.002 and M = 0.57M⊙.
We can now determine the effective tempera-
ture from the relation L = 4piR2σT 4
eff
. By inte-
grating all the flux measured from the U through
K bands, we find for LHS 3250 L = 3.26×10−5L⊙
and Teff = 3650 K. Our value for L is some-
what higher than that derived by Harris et al.
(1999), but it includes the important region of flux
at 1 µm, for which they had no data. For WD
0346+246, we calculate L = 1.83 × 10−5L⊙ and
Teff = 3750 K.
Criticism about the validity of this method
prompted us to test it thoroughly. The white
dwarf LHS 542 is an excellent test case since it has
been analyzed by Leggett et al. (1998) by model
fitting of the SED, an optical spectrum is available
(Ibata et al. 2000) and the parallax is known. Our
surface brightness method predicts a radius about
50% larger than the Leggett et al. (1998) solu-
tion. We have also performed a variety of tests
using our new models (§6) to generate artificial,
noiseless spectra (assuming R and d) and compar-
ing the results of the surface brightness method
with the input parameters of the synthetic data.
We find that the method works very well when the
brightness temperature of the star remains fairly
constant over the wavelength interval of the fit.
When the (monotonic) variation of the brightness
temperature exceeds 100 K, however, the method
becomes unreliable even though satisfactory fits of
the spectrum can be obtained (Figures 1 and 2).
The reason is that the derived value of Tfit over
the interval is not an “average” or intermediate
value in the range of brightness temperatures rep-
resented in the fitting interval. If Tfit were an in-
termediate value or average of the brightness tem-
perature, the technique would be viable. The fact
is that Tfit is systematically shifted outside of the
actual range of brightness temperatures. This is
due to the temperature dependence of the black
body flux just blueward of the peak. The method
thus converges to anomalous solutions for Tfit and
R, solutions which deviate increasingly from the
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actual values as the variation in brightness tem-
perature increases. Since the degree of variation
of the brightness temperature in an observed spec-
trum is a priori unknown, it is not possible to ap-
ply the method with confidence.
We conclude that the physical parameters of
cool white dwarfs can only be obtained from fitting
synthetic spectra to the observed SED.
Fig. 5.— Hertzsprung-Russell diagram for cool white
dwarfs. Solid lines connect the synthetic colors of pure
hydrogen white dwarf atmospheres of a fixed gravity, with
log g = 7.5, 8, and 8.5 from top to bottom. Thin lines con-
nect those models which have the same Teff , starting with
Teff = 4500K right of center and decreasing in steps of
500K. The open circles connected by a dashed curve show
a sequence of atmospheres with mixed hydrogen and he-
lium composition for Teff = 3500K and log g = 8. Starting
from the pure H model, the helium-to-hydrogen fraction
log y = logN(He)/N(H) increases from −1 to 7 in steps
of 1. The colors of pure He atmospheres with log g = 8
are shown by open squares connected with a solid line.
The value of Teff increases from 4000 to 7000K in steps
of 1000K from bottom to top along this sequence. Star
symbols represent cool, single white dwarfs with hydrogen-
rich atmospheres as determined by Bergeron et al. (1997).
The error bars on the MV values include the uncertainty
in the parallaxes of the stars.
6. Analysis of the Photometry
We can learn more about these stars by con-
sidering their locations in the Hertzsprung-Russell
(HR) diagram (Figure 5) and in color-color dia-
grams (Figures 6 and 7). Synthetic spectra for
white dwarf atmospheres of pure hydrogen and
pure helium composition provide the means to in-
terpret these diagrams. In Figures 5 to 7, we show
a grid of pure hydrogen atmospheres (solid lines)
with log g = 7.5, 8, and 8.5 (Saumon & Jacobson
1999), a sequence of pure helium atmospheres with
log g = 8 (Bergeron et al. 1995a) (open squares
connected by a solid line), and stars from the cool
white dwarf sample of Bergeron et al. (1997) which
they identified as having a hydrogen-rich composi-
tion and which are not known or suspected of be-
ing binary (star symbols). Since very cool white
dwarfs cool at constant radius, the sequences of
constant gravity models shown in Figures 5 to 7
also represent cooling tracks. Along these pure H
tracks, we can associate ages using new cooling
models (Chabrier et al. 2000). Table 2 gives the
ages for the intersection points on the solid-line
grid in Figure 5.
Because neither WD 0346+246 nor LHS 3250
are explained by the pure H models, we found it
necessary to consider models with mixed H/He at-
mospheres (indicated with open circles and dot-
ted lines in Figures 5 to 7). These prelimi-
nary models have fixed values of Teff and g and
variable values of the relative abundance of He
(y = N(He)/N(H)). These models allow the ex-
ploration of trends resulting from the general ef-
fects of mixed composition.
The qualitative behavior of the mixed H/He at-
mopsheres can be deduced from Figure 15 of Berg-
eron et al. (1995a), which shows B−V vs. V −K
for sequences of pure H, pure He, and mixed H
and He composition with y ≤ 10. As He is added
to a cool H atmosphere of a given Teff and surface
gravity, the fractional abundance of H− decreases,
the relative importance of He-H2 CIA opacity in-
creases, and V − K becomes bluer. This trend
must reverse itself when y becomes very large,
however, since both V − K and B − V of pure
He models are very red (Figure 6). A sequence of
models of fixed Teff and g with composition vary-
ing from pure H to pure He is expected to become
first very blue in V −K at roughly constant B−V ,
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and then turn over to redder B − V and V − K
until it reaches the colors of a pure He atmosphere.
Fig. 6.— Color-color diagram for cool white dwarfs. See
Figure 5 for an explanation of the symbols. The effective
temperature along the hydrogen model grid decreases from
4500K right of center to 2000K toward the left in steps of
500K. The colors of pure He atmospheres with log g = 8
are shown by open squares. Teff increases in steps of 500K
starting from 4000K at the top. Triangles connected by
a dotted line show the colors of black bodies starting with
T = 4500K at the bottom and decreasing in steps of 250K.
Compare with Fig. 15 of Bergeron et al. (1995b) or Fig. 9
of Bergeron et al. (1997).
Our preliminary sequence of mixed composi-
tion atmospheres varies the value of y over 0.1 ≤
y ≤ 107 for a model with fixed Teff = 3500K
and log g = 8. This sequence is indicated by the
open circles connected by dotted lines in Figures
5 to 7. These models are rather crude in their
treatment of the chemical equilibrium and they
ignore the non-ideal contributions to the equa-
tion of state which are significant for pure He at-
mospheres (Bergeron et al. 1995a). Nevertheless,
they illustrate the qualitative behavior of mixed
atmospheres and are adequate for the present pur-
pose. It is readily apparent that the H2 CIA
reaches maximum strength for log y ≈ 2 – 3. How-
ever the colors of models of very large He abun-
dance still differ significantly from those of pure He
models because of a residual H2-He CIA opacity
and He− free-free opacity enhanced by the ioniza-
tion of H. We find that in the BVK color-color
diagram (Figure 6), very cool white dwarfs with
mixed H/He atmospheres occupy a much wider
region than, and overlap with, the pure H at-
mospheres. Also, very cool white dwarfs with
J −H ∼< −0.25 have atmospheres of mixed H/He
composition (Figure 7) and do not fall between the
pure H and pure He sequences.
Fig. 7.— Color-color diagram for cool white dwarfs. No-
tation is the same as in Figure 5. Pure H models of dif-
ferent gravities very nearly overlap in this diagram, so we
show only the log g = 8 sequence for clarity. Filled circles
indicate models with Teff = 4000K (upper right) and de-
creasing in steps of 500K. Starting from the upper right,
the open squares show the pure He sequence for Teff = 4000
to 10000K in steps of 1000K, and Teff = 20000K at the
top-right.
Figures 5 and 6 show that white dwarfs with at-
mospheres of pure He and pure H nearly overlap
down to Teff ≈ 3500− 4000K. At these low values
of Teff , the CIA of H2 becomes very strong and
the hydrogen sequence turns over (Hansen 1999;
Saumon & Jacobson 1999). The H-rich stars of
Bergeron et al. (1997) reach down to the split be-
tween the two sequences. In the infrared (Figure
7), however, the two sequences overlap only for
very different ranges of Teff and are therefore eas-
ily distinguished. The HR diagram (Figure 5) is
useful in assessing the evolutionary state of our
objects, while the BVK diagram (Figure 6) pro-
vides a measure of the overall shape of the SED.
Because CIA by H2 gives rise to an opacity that
is stronger in the infrared, its effects are dramatic
in V −K.
The JHK color-color diagram (Figure 7) re-
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Table 2
Ages of Pure H, Ultracool White Dwarfs
Teff (K) log g = 8.5 log g = 8.0 log g = 7.8
4500 11.7 8.6 6.0
4000 12.2 10.0 7.7
3500 12.6 11.1 9.2
3000 13.0 12.5 10.7
2500 13.3 13.6 12.1
2000 13.5 14.8 13.7
Note.—Ages are given in Gyr and correspond to the in-
tersection points in the grid of solid curves in Figure 5. The
last column corresponds to log g = 7.8 while the bottom curve
in Figure 5 is for log g = 7.5. All of these ages are the result of
new calculations (Chabrier et al. 2000) and are only pertinent
to pure H atmospheres.
veals the shape of the SED in the infrared and
is a most useful diagnostic of atmospheric com-
position of cool white dwarfs (Teff ∼< 4500K).
In this diagram, both the pure H and pure He
sequences are insensitive to gravity. This con-
fines atmospheres with pure compositions to two
well-separated curves. Pure He atmospheres with
Teff ∼< 4500K are confined to the upper-right re-
gion of the diagram where H − K > 0.15 and
J − H > 0.25, and their colors become redder
for lower Teff . On the other hand, pure H at-
mospheres have bluer colors with H − K < 0.05
and −0.2 < J −H < 0.25. The overlap of mixed
H/He atmospheres with the pure composition at-
mospheres is very limited in the JHK diagram,
and stars with J−H < −0.25 most certainly have
mixed composition atmospheres.
Finally, we note that Bergeron et al. (1997) dis-
cuss the possibility of a continuum opacity source
in pure H atmospheres which would affect the U
and B bands. This helps in reproducing the B−V
color of the most extreme stars in their sample (the
uppermost three stars in Figure 6). We have not
included this opacity source in our models, how-
ever. The spectral fits described below were per-
formed both with and without the U and B pho-
tometry; nearly identical results were obtained.
It is not presently possible to derive accurate
ages for very cool white dwarfs with pure He or He-
rich atmospheres. However, as a point of reference
we include in Table 2 ages of extremely cool, pure
H white dwarfs. Correct treatments of helium
pressure ionization, which determines the location
of the photosphere of these objects, and of He− ab-
sorption cross-sections at high densities, are lack-
ing and prevent the derivation of reliable cooling
curves for mixed-composition objects. The only
certainty is that, because of their more transpar-
ent atmospheres, white dwarfs with He-rich atmo-
spheres cool faster than their H-rich counterparts.
For example, current models (Chabrier 1997) al-
low us to estimate that a pure He atmosphere, 0.6
M⊙ white dwarf will reach an effective tempera-
ture Teff = 4000 K after only ∼ 6 Gyr, much faster
than cool DA white dwarfs. One should further
note that even a small admixture of hydrogen or
metals, due either to accretion or internal mixing
processes, will slow down the cooling of the object
dramatically, bringing it closer to a DA cooling
sequence.
6.1. WD 0346+246
Figure 5 reveals that WD 0346+246 is intrin-
sically the faintest (in the V band) white dwarf
known, with the exception of the high-mass de-
generate ESO 439−26 (Ruiz et al. 1995). While
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Fig. 8.— Fit of the U through K photometry of WD
0346+246. The broad-band photometric measurements
(Table 1) are shown by ±1σ error bars. The solid curve in-
dicates the best-fit pure hydrogen atmosphere model with a
gravity of log g = 6.5. A slightly better fit can be obtained
at even lower gravities. The dotted line is the best-fit mixed
H/He atmosphere.
it is at the fork between the H and He cooling se-
quences, it does not obviously belong to either.
Its BVK colors (Figure 6) reveal that it defi-
nitely does not have a pure He atmosphere. It
does not sit on the pure H models either, except
possibly with a very low gravity of log g ≈ 6.5
and Teff ≈ 2700K. Indeed, a fit of pure hydro-
gen models to the broad-band photometry ob-
tained by minimizing the error-weighted χ2 gives
Teff = 2790K for log g = 6.5 (solid line in Fig-
ure 8). Since the distance of WD 0346+246 is
known, the fit directly gives the radius of the star,
R = 0.0174R⊙. While our fit is fairly good, it
is problematic in several ways. First, the optimal
χ2 and Teff decrease slowly for even lower grav-
ities. Such low values of Teff and gravity would
be rather extreme parameters for a white dwarf.
Second, the slope of the fitted spectrum in the in-
frared is rather shallow and it misses the J and K
photometry by 3σ to 4σ. Indeed, the J−H color of
WD 0346+246 (Figure 7) is ∼ 0.5 mag bluer than
both the sequences of pure H and pure He mod-
els. Third, the model spectrum predicts a strong
CIA depression near 1µm which is not present in
the observed spectrum (Figure 1), indicating that
pure hydrogen models are inappropriate.
We think that it is far more likely that the
atmosphere of WD 0346+246 is of mixed hydro-
gen and helium composition. The colors of WD
0346+246 can be interpreted as those of a mixed
H/He atmosphere based on Figures 5 through 7.
This is particularly supported by its J −H color
(Figure 7). Using a very limited grid of mixed
composition atmospheres with Teff = 3500 and
3750K, log g = 8, and 0 ≤ y ≤ 107, we have fit-
ted the He abundance to the observed broad-band
fluxes of WD 0346+246. The result is shown by
the dotted line in Figure 8. The fit of the photom-
etry is excellent and the synthetic spectrum agrees
remarkably well with our observed spectrum (Fig-
ure 1) at all wavelengths. We obtain a helium
abundance of log y ≈ 6.4. Because the models
are rather crude, this determination is inaccurate
but it clearly indicates that the atmosphere con-
tains only traces of hydrogen. The fitted radius is
R = 0.010 ± 0.002R⊙. Finally, our choice of Teff
and log g for the mixed composition sequence ap-
pear to be reasonable estimates for WD 0346+246.
From our analysis based on model atmospheres
and spectra, we conclude that WD 0346+246 is a
very cool white dwarf with Teff ≈ 3700K, a typ-
ical surface gravity of log g ≈ 8, and a helium-
dominated atmosphere (5 ∼< log y ∼< 8).
6.2. LHS 3250
LHS 3250, on the other hand, stands apart from
all other known white dwarfs in Figures 5 to 7.
We can say with certainty that it does not have a
pure He atmosphere. Its loci in each of these fig-
ures lead to contradictory interpretations. Figure
5 suggests that it is a very cool (Teff ≈ 2400K),
pure H or mixed H/He white dwarf. Its high
V -band luminosity indicates that it either has a
very low gravity and low Teff , or high gravity with
very high Teff , or it may be a double degener-
ate. We can immediately exclude the high tem-
perature possibility: its BV R colors are identical
to those of WD 1656−062, which has a pure H
atmosphere, Teff = 5520K and log g = 8 (Berg-
eron et al. 1997). If it were this hot, however, it
would show detectable Hα absorption but it does
not. Furthermore, its infrared colors would not be
blue. Its BVK colors (Figure 6) can be under-
stood if Teff ≈ 4200K with a mixed H/He atmo-
sphere dominated by He (log y ∼> 1; see also Fig.
15 of Bergeron et al. (1995a)). Its infrared colors
(Figure 7) suggest that it has a mixed H/He at-
mosphere dominated by He but with a very low
temperature. Finally, our spectrum is featureless
and the absence of a steep drop in the flux near
1.0 µm argues against significant H2 CIA, but not
11
against He-H2 CIA. It seems that neither pure H
nor pure He atmospheres are sufficient to under-
stand the nature of LHS 3250. Furthermore, Har-
ris et al. (1999) were not able to fit its V through
K photometry with either pure H or mixed H/He
atmospheres. We have also failed with our new
models and its SED remains unexplained.
A feasible solution to this problem may be that
LHS 3250 is an unequal mass binary, with one
component similar to WD 0346+246 and the other
much cooler. This would have the effect of am-
plifying the optical flux, as compared to a sin-
gle white dwarf, while contributing minimal am-
plification in the infrared. Until the full grid of
mixed H/He models has been calculated, a syn-
thetic, composite spectrum of such a combination
is not forthcoming. We can only conclude that Teff
is below 4000 K, and, based on the severity of the
0.6 to 2.5 µm absoprtion, we suggest that it must
be cooler than WD 0346+246 with Teff ≈ 3700 K.
Fig. 9.— Fit of the spectrum of F351−50 by Ibata et al.
(2000) with a pure hydrogen atmosphere.
6.3. F351−50
We have analyzed the 0.35 to 1.05µm spec-
trum of F351−50 obtained by Ibata et al. (2000).
Unfortunately, this part of the spectrum is not
very sensitive to differences in surface composi-
tion. However, the presence of CIA, and hence
of a significant amount of H, is suggested by the
apparent change in the slope of the spectrum for
λ > 0.95µm. Although this is a very noisy part
of the spectrum, we obtain an excellent fit with
pure hydrogen models (Figure 9). The fitted pa-
rameters are Teff = 2844K and log g = 6.5. These
are extreme and unlikely parameters for a white
dwarf and we attach only modest significance to
the result, for the same reasons that a similar fit
to WD 0346+246 was not adequate.
The BV RI colors of F351−50 are nearly iden-
tical to those of WD 0346+246, suggesting that
it may have a similar composition. If we ig-
nore the part of the spectrum beyond 0.95µm,
where the S/N declines dramatically, we obtain
an equally good fit with our restricted grid of
mixed H/He composition atmospheres with Teff =
3500K, log g = 8, and log y = 5.85. As in the
case of WD 0346+246, we find that mixed com-
position models lead to less extreme physical pa-
rameters. A more definitive analysis will require
infrared photometry or the parallax of F351−50.
7. Conclusion
WD 0346+246 appears to be the first very cool
white dwarf with an atmosphere of mixed hydro-
gen and helium composition. It has an effective
temperature below 4000K and shows only traces
of hydrogen in its atmosphere. Only three other
cool white dwarfs are known to have significantly
high N(He)/N(H) ratios. All three are in the C2H
spectral class and have Teff > 5300K (Bergeron et
al. 1997). Although the spectral coverage of the
available data is more limited for F351−50, it ap-
pears to be very similar to WD 0346+246. These
two stars are the first examples of very cool white
dwarfs with extremely high He to H mixing ratios
and may provide important clues in understanding
the spectral evolution of old white dwarfs.
The computation of an extensive and physically
sound grid of mixed composition atmospheres for
Teff ∼< 5000K is necessary to obtain reliable de-
terminations of the surface parameters for WD
0346+246 and F351−50. Such a grid of mod-
els may provide a better understanding of the in-
triguing white dwarf LHS 3250, which remains in-
scrutable.
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